Data on the association between smoking and meningioma are inconsistent. The aim of this study was to assess the role of smoking in radiation-and non -radiation-related meningiomas. The study was designed as a 4-group case-control study, balanced for irradiation, including 160 irradiated meningioma case patients, 145 irradiated control subjects, 82 nonirradiated case patients, and 135 nonirradiated control subjects. The sources of these groups included a cohort of individuals who underwent radiotherapy (mean dose, 1.5 Gy to the brain) during childhood for treatment of tinea capitis, claims filed for radiation damage in the framework of a compensation law, and the Israel Cancer Registry. All tests of statistical significance were 2-sided. A statistically significantly elevated risk of meningioma was found among men who had ever smoked, compared with those who were never smokers (odds ratio [OR], 2.13; 95% confidence interval [CI], 1.09-4.15), increasing with smoking pack-years from 1.67 to 2.69 for <10 to >20 pack-years, respectively. Among women, an interaction between radiation and smoking was observed, expressed by a significant protective efect for meningioma (OR, 0.32; 95% CI, 0.14-0.77), with a strong dose-response association (P < .01) in nonirradiated women and a nonsignificant increased risk of meningioma among those who were irradiated (OR, 1.23; 95% CI, 0.68-2.23). Variation in the association between smoking and meningioma may be explained by effects of distinct host factors, such as past exposure to ionizing radiation and/or hormonal factors.
T he concept of multifactorial causation, in which environmental, intrinsic, and genetic factors interact to influence outcome, is recognized as a valid scientific paradigm for the etiology of chronic diseases.
Little is known about the etiology of meningiomas, with ionizing radiation being the only environmental factor that has been shown unequivocally to be a causative factor. 1 -6 A publication by our group reported an estimated excess relative risk/Gy (ERR/Gy) of 4.63 (95% confidence interval [CI], 2.43-9.12) for meningioma, following childhood exposure of about 140 centiGy to the brain. 6 This estimate is based on 40 years of follow-up of a cohort which includes a group of 10,842 individuals who were treated during childhood in Israel during the 1950s with radiation therapy for tinea capitis (TC) and 2 comparison groups which comprised a non irradiated population (n ¼ 10,842) and sibling (n ¼ 5392) controls. Although the extensive public health campaign aimed at eradicating TC in the 1950s included both Jewish and Arab individuals who were treated in Israel and Jewish individuals who were treated abroad, mainly in north African and Middle Eastern countries prior to their immigration to Israel, the TC cohort includes only a subset of those who were treated in Israel. On the basis of the aforementioned results, a law was established in 1994, for the purpose of compensating irradiated individuals who had developed specific diseases that were proven to be causally associated with the irradiation given as treatment for TC.
Smoking is known to be a powerful carcinogen that is involved in the etiology of many cancers, including cancers of the lung, bladder, pancreas, stomach, esophagus, kidney, larynx, oral cavity and pharynx, leukemia, and cervix. 7 The relationship between smoking and meningiomas has been assessed in a few studies, but the results are inconsistent. Cigarette smoking was positively associated with meningioma risk in women but not in men in a hospital case-control study conducted in China. Smoking pack-years above the median for women yielded a significant increased odds ratio (OR) of 6 (95% CI, 2.04-18.87). 8 In contrast, a population, based case-control study from Washington state found that any positive history of smoking was associated with a significantly increased risk of meningioma in men and a decreased risk in women. 9 A study that included women only reported smoking to be an independent protective factor for meningioma among premenopausal women. 10 In other studies, no association between active smoking and meningiomas was apparent. 11 -17 The aim of this study was to assess the role of smoking in the development of meningioma and, in particular, its possible interaction with another potent carcinogen, ionizing radiation.
Materials and Methods

Study population
The study was designed as a case-control study balanced for irradiation. The total study population comprised 522 subjects divided into 4 groups: 160 case patients who were irradiated for TC in childhood and subsequently developed meningioma (radiation-associated meningioma [RAM]), 145 subjects who were irradiated for TC but did not develop meningioma (irradiated control subjects), 82 case patients with meningioma with no previous history of radiation exposure (non-RAM), and 135 subjects who were not irradiated and did not develop meningioma (nonirradiated control subjects).
Recruitment of the study participants
The RAM group was identified from 2 sources: the TC cohort and the TC compensation law. 1, 18 The TC cohort was linked to the Israel Cancer Registry (ICR) to update diagnoses of meningioma using the International Classification of Diseases for Oncology topography codes C70.0 and C70.9 and morphology codes 953.0-953.9. The ICR was established in 1960 and is notified by law of information on all malignant tumors, as well as benign meningiomas. Additional irradiated case patients were identified from the claim files, which include information on medical diagnoses.
Originally, data on 530 previously irradiated case patients with meningioma were collected from the aforementioned sources. To ensure unequivocally that the RAM group in the analysis included only irradiated individuals, 178 of the case patients identified from the claim files were excluded from the initial group due to insufficient validation of previous irradiation exposure. Of the remaining 351 patients, 28 were deceased, 36 could not be located, 25 could not participate due to their medical condition, and 41 were excluded because their residence addresses were out of the geographical area of the study. For the remaining group of 222 patients, verification of irradiation was based on the following criteria: appearance in the original TC cohort (n ¼ 78), documentation of scalp irradiation which was reported by the patient to the treating physician at least 1 year prior to implementation of the compensation law (n ¼ 62), approval of the claim of irradiation by a professional dermatologist and/or expert committee (n ¼ 70), photographic evidence documenting irradiation treatment in childhood (n ¼ 1), or original certification from the treating center (n ¼ 1). Patients identified from the ICR who reported a previous irradiation treatment but did not file claims for compensation (n ¼ 10) were also included in the study. The compliance rate among eligible RAM case patients who were targeted for enrollment in the study was 72%.
The non-RAM group was identified through the ICR. To validate whether potential non-RAM case patients had a previous history of irradiation to the head area, short preliminary telephone interviews were conducted for all candidate non-RAM case patients. Overall, 111 patients with meningioma were included in the target population of this non-RAM group; 77% of them participated in the current analysis.
Healthy control subjects (irradiated and nonirradiated groups) were recruited from the exposed and nonexposed groups of the original TC cohort. Control subjects were individually matched to the case patients by sex, year of birth (+2 years), and country of origin. The compliance rates among eligible subjects who were targeted for enrollment in the study were 74% and 63% for irradiated and nonirradiated control subjects, respectively.
In the process of ascertainment of the non-RAM case patients, we found that a substantial number of the patients with meningioma who were born during the 1950s and were of Asian-African origin reported irradiation treatment for TC. This limited our ability to find enough nonirradiated case patients of this origin who met the original matching criteria for age. 6, 19 Therefore we extended the matching criteria for the year of birth to +10 years for the non-RAM group.
Dosimetry
The therapeutic procedure for TC followed the Adamson -Kienbock technique. The hair was shaved, and the scalp area was divided into 5 fields that were irradiated over 5 consecutive days. The remaining hair was removed through a waxing process.
The irradiation was performed with a 75-100 kilovolt superficial therapy x-ray machine. The children were exposed to 3.5-4 Gy per field, at a Focus Skin Distance of 25-30 cm. 2 Most of the individuals received 1 course of therapy, but 9% of the patients received ≥ 2 treatments. Dosimetric studies that were conducted using one of the original x-ray machines, and a head phantom estimated the average dose to the brain as 1.5 Gy (range, 1.0-6.0 Gy). Doses were also calculated for different areas of the brain; the lowest average dose was for the back and front of the lower plane (mean, 1.1 Gy), whereas the highest dose was for the front of the upper plane (mean, 1.8 Gy).
More details on the methodology of the TC studies in general, on dosimetry, and on this study specifically are available in previous publications. 2, 6, 18, 20 
Data collection
The study protocol was approved by the Sheba Medical Center Institutional Review Board. Recruitment began by contacting the target population by telephone and explaining the goals and methods of the study. The rates of subjects who were lost to follow-up in the study were 13.8%, 17.8%, 24.5%, and 23.5% in the RAM, non-RAM, irradiated control, and nonirradiated control groups, respectively.
Data were collected in face-to-face interviews using questionnaires that included demographic variables, exposure to environmental hazards (eg, smoking and alcohol use), occupational and medical exposure to ionizing radiation, personal medical diagnoses and family history of cancer and benign tumors, previous exposures to radiation, head injuries, and hormonal factors. Validation of diagnoses for all cases was performed using the original pathology, imaging, or surgery reports.
Data analysis and statistical methods
Reference dates for all exposures were defined as the age at diagnosis minus 2 years of latent period for cases and as the reference date of the matched case for each control.
For each subject who reported smoking, we calculated the number of pack-years of exposure (1 pack-year is equivalent to smoking 1 pack per day for one year).
Conditional logistic regression was used to estimate ORs with corresponding 95% CIs. A potential interaction between the tested variable and radiation exposure was assessed using models that included the main effect of the radiation, main effect of the tested variable, and the interaction term. When the P value for interaction was , .1, separate estimates of the OR were calculated for irradiated and nonirradiated casecontrol groups.
Statistical analysis was conducted using the S-Plus software. 21 All tests of statistical significance were 2-sided.
Results
Demographic characteristics of the study population are listed in Table 1 . Approximately 30% of the study population was male, mostly of African-Asian origin. The mean ages at diagnosis of the meningiomas were 45.9 and 48.5 years for irradiated and nonirradiated case patients, respectively. Both groups of case patients were interviewed, on average, 10 years after diagnosis (mean + standard deviation [SD], 9.6 + 7.0 years in the irradiated group and 10.9 + 7.5 in the nonirradiated group, P ¼ .15, data not shown). The mean age (+SD) at interview of the total study population was 56.1 + 5.7 years (range, 45-74 years). Nonirradiated case patients were significantly older than nonirradiated control subjects (60.0 vs 56.1 years, respectively); however, all control subjects in the analysis reached their reference date.
A total of 41.6% of the study population reported any history of smoking before the reference date, and 31.0% reported current smoking at the reference date. Data on smoking by study group are presented in Table 2 . Among irradiated subjects, a higher frequency of ever smoking was observed in case patients, compared with control subjects (P ¼ .11), whereas comparison of the nonirradiated case patients and control subjects showed a higher frequency of smoking among control Flint-Richter et al.: Interaction between ionizing radiation and smoking subjects (P ¼ .09). For past smokers, the number of years from cessation to reference date ranged between 1 to 44 years (mean + SD,12.4 + 9.3 years), with no differences between the groups. The number of years since first use of cigarettes ranged from 1-46 years (mean + SD, 22.3 + 9.5 years), whereas the mean age (+SD) at smoking initiation was 22.2 + 6.5 years (range, 12-49 years). No differences between the groups were noted for these variables. Among both irradiated and nonirradiated subjects, the control subjects tended to be lighter smokers than the case patients, whereas subjects in both nonirradiated groups were heavier smokers than the irradiated subjects. Table 3 shows ORs and 95% CIs for the association between smoking and meningioma. Overall, no association between smoking and meningioma was shown (OR, 1.08; 95% CI, 0.75-1.56 adjusted for radiation exposure). Although the overall OR for smoking among women was 0.79 (95% CI, 0.50-1.24), a significantly increased risk was observed in men who ever smoked (OR, 2.13; 95% CI, 1.09-4.15). The risk in men increased with increasing smoking pack-years from 1.67 for , 10 pack-years to 2.69 for . 20 packyears (P for trend ¼ .01). The increased risk in men who had ever smoked was consistent but not significant in both irradiated and non-irradiated male groups.
Among women, significant differences in the effect of smoking between irradiated and nonirradiated subjects were observed (P , .01 for the interaction between radiation and smoking). A significant protective effect was observed for smokers among the nonirradiated women (OR, 0.32; 95% CI, 0.14-0.77), with a significant negative dose-response association (P for trend , .01). Although for the lowest category of use (no. of pack-years, ,10) a protective effect of 50% was shown, for women who were heavy smokers (no. of pack-years, .20), the protective effect was 90% compared with those who had never been smokers. Among irradiated women, although no association for the ever versus never category was found, heavy users showed a significantly increased risk.
Discussion
Our results suggest that smoking plays a role in the development of meningioma. However, this association differs between men and women and, in the latter group, is modified by irradiation. In this study, we found a significantly increased risk for meningioma among men who had ever smoked versus those who were never smokers, supported by a dose-response association. A different effect was found in women, in whom an interaction between radiation and smoking was observed. In the subgroup of nonirradiated women, smoking was associated with a significant protective effect for meningioma, with a strong dose-response association; among irradiated women, a nonsignificant increased risk was observed.
To the best of our knowledge, the association between smoking and meningiomas has been assessed in 9 case-control studies and 1 cohort study, the results of which were inconsistent. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Most of the studies found no statistically significant association between smoking and risk of meningioma, although 1 reported an increased risk and 2 studies reported a decrease in risk among women. In a study conducted in Australia, the investigators reported a nonsignificant OR of 1.77 (95% CI, 0.80-3.92) for ever versus never smoking cigarettes. 11 This report was based on only 12 male and 48 female patients with meningioma (211 and 206 control subjects, respectively); therefore, separate analyses of men and women were not conducted. In a study conducted in Los Angeles, which included 70 male patients and control subjects, the authors reported no remarkable differences between case patients and control subjects with regard to history of cigarette smoking (OR for ever versus never, 1.2; 95% CI, 0.6-2.7), age started smoking, amount smoked, years smoked, and pack-years of exposure.
14 These findings were in line with an earlier analysis of data on men in Los Angeles by the same investigator 13 and with a more recent study from Germany 15 that did not provide numerical data from the analysis of smoking but reported no significant difference between the smoking habits in male or female patients with meningioma versus control subjects. An additional study conducted in Germany reported relative risks for meningioma of 1.0 (95% CI, 0.5-2.0) and 1.6 (95% CI, 0.7-3.4) for current and past smokers, respectively, in a sample that included 21 male and 60 female case patients. 16 Furthermore, a recent cohort study of 1.3 million middle-aged women, of whom 390 developed meningioma over a mean follow-up period of 6.2 years, presented relative risks of 0.88 (95% CI, 0.66-1.16) and 0.86 (95% CI, 0.67-1.10) for developing meningioma for current and past smokers, respectively. 17 In contrast, in a study that was conducted in China, cigarette smoking was positively associated with meningioma risk in women but not in men. In women, compared with nonsmokers, the adjusted OR for pack-years of smoking above the median was 6.2 (95% CI, 2.04-18.87). 8 Our findings are compatible with the results of a population-based case-control study conducted by Phillips et al, 9 who reported an increased risk for meningioma in men (OR, 2.1; 95% CI, 1.1-4.2) and a protective effect among women (OR, 0.7; 95% CI, 0.5-1.1). The study population included 143 female and 57 male case patients, with 2 control subjects matched to each case patient by age and sex. Among men, the risk increased with increasing numbers of cigarettes smoked daily, whereas among women the trend was the opposite. It is important to mention that the latter study evaluated smoking habits that occurred ≥ 10 or more years before meningioma surgery. A protective effect of smoking in women was also described in an analysis of the association between meningioma and reproductive factors, which included 219 female case patients and 260 control subjects. ORs of 0.6 (95% CI, 0.4-0.9), 0.5 (95% CI, 0.3-0.8), and 0.7 (95% CI, 0.5-1.1) were reported for ever, current, and past smokers, respectively. Stratification by menopausal status showed statistically significant protective effects for both current and past smokers who were premenopausal. However, the protective effect of current smoking did not reach statistical significance in postmenopausal women, and past smoking was associated with an OR of 1.2 (95% CI, 0.6-2.3) in this subgroup. The authors suggested that selected endogenous hormonal factors might play a role in limiting-rather than promoting-meningioma development, particularly among premenopausal women. 10 Smoking is a potential risk factor for many cancer types as well as for many other diseases. Tobacco smoke contains and delivers . 4000 compounds; some are known carcinogens, such as benzyl (a) pyrenes and polycyclic aromatic compounds. In addition, the use of tobacco products is a major source of human exposure to various N-nitroso compounds. Dietary intake of N-nitroso compounds has been etiologically related to the development of adult and childhood brain tumors. 22, 23 The findings of a protective effect of smoking among nonirradiated women and an increased risk with increasing pack-years of smoking in irradiated women needs further elucidation. The observation of a protective effect in women in general (nonirradiated) is in accordance with the findings of Phillips et al 9 and of Lee et al. 10 Moreover, the significant dose-response relationship found in these studies supports a causal interpretation.
Several lines of evidence suggest that estrogen is associated with meningioma development, including the female predominance of the tumor, 24 the existence of estrogen (and progesterone) receptors on meningioma tumors, 25, 26 and the reported association between breast cancer and meningiomas, as a second primary tumor. 27 Examination of the literature for other known hormonal-dependent neoplasms shows that smoking has been consistently associated with a decreased risk in endometrial cancer, 28 whereas breast cancer studies have variably shown positive, inverse, or null associations with smoking. 29 Cigarette smoking has been hypothesized to lower the risk of endometrial and breast cancer through antiestrogenic mechanisms. Smoking enhances the metabolism of estradiol to inactive cathechol estrogens and is associated with several other mechanisms, including increased binding of estrogens by serum sex-hormone-binding globulin and lowered levels of estrogen derived from adipose tissue. 30 Supporting this hypothesis are studies that have shown that smoking is associated with increased risk of osteoporosis (known to be related to low estrogen levels) and attenuated effects of hormone replacement therapy among smokers. 31 Therefore, the sex-specific protective effect of smoking might be biologically plausible. We might speculate that the antiestrogenic effect of cigarette smoking is a possible biological mechanism that reduces the risk for meningiomas among ever-smoking, nonirradiated women. However, it seems that for the irradiated women, other mechanisms act to create a different effect. Although exploring the exact mechanism for the different effects of smoking in the irradiated versus nonirradiated female groups is beyond the scope of this study, we suggest 3 possible explanations for the interaction seen. First, irradiated subjects who developed meningioma might represent a subgroup of individuals who are more susceptible to DNA-damaging environmental factors. Susceptibility to genotoxic carcinogens may result from variations in the metabolism of carcinogens 32 and from variations in the ability of individuals to repair carcinogen-induced DNA damage. 33 We have recently demonstrated clusters of familial meningiomas in irradiated siblings supporting the role of genetic susceptibility in the development of radiation-induced tumors. 34 We could assume that our irradiated case patients represent a genetically susceptible subpopulation that is less able to cope with DNA damage as a result of decreased repair capacity. This susceptible population might also be more vulnerable to the carcinogenic effect of smoking.
Another possible explanation could be that irradiated tumors are not estrogen sensitive. In that case, the estrogen antagonistic effect of smoking described above will not have a protective effect, and a possible oncogenic effect of smoking will prevail in these tumors.
The third possible explanation could be related to the mechanism of tumor development. The observed association with smoking seen in our study might be related to promotion-rather than initiation-of the tumor. Because our irradiated population was exposed to radiation in childhood and started to smoke in adulthood, it is reasonable to assume that radiation was the initiating factor, whereas smoking served as a promoting factor later in life. Thus, it might be that the initiator effect of radiation on the meninges, as well as a secondary effect on the vascular endothelium, is increased by the promoter effect of smoking on the already damaged vasculature. It is possible that the damaged vasculature increases the penetrance of carcinogens to the target cells.
Under these circumstances (increased genetic susceptibility or endothelial damage), even if cigarette smoking may have some antiestrogenic effects in women (and, thus, anticarcinogenic effects for meningiomas), these effects may be nullified or exceeded by the deleterious effects of smoking in irradiated women.
In summary, our study results demonstrate a significantly increased risk for meningiomas among men who ever smoked and a significant protective effect among nonirradiated women who ever smoked. To the best of our knowledge, our study group is the largest series of RAMs available in the literature. Moreover, our unique group of subjects with well-validated RAM, subjects with sporadic meningiomas, and 2 control groups of irradiated and nonirradiated individuals enables the examination of interaction between radiation and other candidate risk factors for meningioma. Existing epidemiological data are insufficient to determine causality for meningiomas with regard to smoking; however, our study results emphasize that the lack of concrete conclusions might be due to the varied and even inverse effects of this environmental factor by distinct host factors, such as past exposure to ionizing radiation and/or sex, which reflects hormonal factors.
